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Fluid equations are frequently applied to the electromagnetic@

@ot to the quark-gluon pl@

~ Kajantie & Montonen 1980
Holm & Kupershmidt 1984
Long but quiet history < Mréwcezynski 1988
of chromohydrodynamics Bhatt, Kaw & Parikh 1989
Jackiw, Nair & P1 2000
. Manuel & Mrowczynski 2003




Real hydrodynamics of QGP
@ydrodynamics describes systems in local thermodynamic equilibrE

Local equilibrium is a state of maximal local entropy C=0

-1
Local equilibrium is achieved at the time scale of hard collisions ~ (g4ln(1/ 9) T)

Color redistribution occurs at the time scale of hard collisions ~ (g “In(1/ g) T)_1

Whitening occurs at the time scale of soft collisions ~In(1/9)/T

Manuel & Mrowczynski, Manuel & Mrowczynski,
Local Equilibrium of the Quark-Gluon Plasma, Whitening of the Quark-Gluon Plasma,
Phys. Rev. D68 (2003) 094010 Phys. Rev. D70 (2004) 094019




Real hydrodynamics of QGP cont.
@drodynamics of QGP is co@

1 1
@roz 1:hard coll (g 111(1/ g) T)
@is no QGP analog of magnetohydrodynamics of EM@

Delayed mutual equilibration of electrons and ions m.,>>m

electron




Chromohydrodynamics

Fluid approach to QGP at time scale shorter than soft collisions

—1
@ft coll (g 2111(1/ g)TD
@nless regime of kinetic@




Kinetic theory

Distribution functions of quarks Q (p, x ) and antiquarks Q (p, x)are N_ x N . matrices

Distribution function of gluons G (p, X) is (N2 —=1)x (N7 —1) matrix

Transport
equations

fundamental

D“Q—gp“{Fuv,ﬁ\;Q}IC quarks

D"*Q _|_ p {FHV’ \;Q } = C | antiquarks

adjoint pMD“G —g P {T 8"6} = Cg gluons

pv 2

= ot —ig[A*,....]
free streaming mean-field force

D" = 0MF" =M A" — " A" —ig[ A*, A"]

Mean-field generation

DHFMV = jV[Q,G,G] @isionless limit: C = C = Cg =0
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Derivation of chromohydrodynamic equations

Transport equation of quark distribution function Q( P, X)

puD“Q(p,X)—g p*{F,,,8%Q(p,x)} = 0

| dp

D,n*(x)=0

Taking into account antiquarks
and gluons 1s straightforward

_ d*p 2
dP = (2n)° 20(py)d(p~)

n*(x)= de p"Q(p, x)




Derivation of chromohydrodynamic equations cont.

D Q(p.x)= 3 p"{Fyy.04Q(p.x)} = 0

dep“ <J
4

DT (%)= 3 {Fyun* (x)) = 0

TH (x)=[dPp*pQ(p.x)




Chromohydrodynamic equations

D, n*(x)=0

DT (x)= 3 {F™ .0, ()} =0

Postulated form of n" (X) and TH (X) :

n*(x)=n(x)u"(x)
T4 (x)= - (e()+ pOO)u* (xhu” () = p(x) g~

n(x), e(x), p(x), u*(x) matrices!



Chromohydrodynamic equations cont.

Gauge transformations of n (X ), € (X ), P (X ), u* (X)

n(x)— U (x)n(x)U 7 (x)

n(x), e(x), p(x), u"(x) cannot be simultancously diagon@

n“(x)= [dPp*Q(p,x)  Q(p,x)—>U(x)Q(p,x)U"(x)

n (X ), 8(X ), P (X ), u* (X) do not commute with each @

10




Chromohydrodynamic equations cont.

1 matrix equation

D TH® (X)—g{F“V N (X)} =0 4 matrix equations

5 matrix equations

n*(x)=n(x)u"(x)
T (x)= - (e()+ PN () () = p(x) g

n(x), S(X), p(x), U“(X) 6 matrix functions U“(X)UH(X)Z 1

< The system 1s not closed> 1




Linear response approximation

Small perturbation of the space-time homogeneous & colorless state

n(x)=m+dn(x), &(x)=%+ds(x),

p(x)=p+5p(x) u*(x)=0" +8u*(x)

m, s, p,0 " unit matrices in color space (gauge independent)

m>>3dn, €>>3d, P>>0op, O" > ou”

F* ~ A" ~ 8n
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Linearized chromohydrodyanmic equations

Continuity equation

(D,on)a* +m D, du" =0

Euler equation

(z+p)a*D,du” — (DY —a'a*D,)dp - gna, F* =0

AW = g* —oto @xaetly elimin@
@5 P = 0 dynamics dominated by the mean @
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Solutions of the linearized equations

® D" > 09" fulllinearization A" ~ dn

® Fourier transformations

continuity kMUM on(k)+ rrkuéiu“(k) =0
Euler i(z+p)ark,su”(k)-gnma F*(k)=0

2o,k

(| sn(k)=ig YRR (k)
T+ P (0-k)

Solutions <

I o 1 {

out(k)=1 VR (K

_ () g§+puk ()
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Color current

j~<x>=—g(n<x>u“<x >u“<x>]j

I ()= 7+ + 83" (x).
§j* (x)= - (rr Sut(x)+ U“Sn(x))

Tr[F*']1=0

polarization tensor @ Y) _ ;J: %X))
vy
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Polarization tensor

H“V(k)zgz mo(o-k)atkY okt — kot - (or-k)* g™

T (k) = TT™ (k) | @W(k@
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Hydrodynamics vs. kinetic theory

Kinetic theory result

v O (p-K)(p“kY + p'k")—k*p*p¥ —(p-k)*g*"
(k) ="~ [dPf(p) (0K

f(p)=nmu’s™ (p—mu)

v

T+ P Hydrodynamic result
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From one- to multi-stream system

There are several streams in the plasma

Transport equation
of quark distribution
function of stream o

puD“Qa(p,X)—g pH{F..05Q. (P, x)} =0

All previous steps fo@

D,nk(x)=0

0,72 ()~ 9 (R, g () =0

D, F*(x)=2 js(x)

ng (x)=ng (x)ug (x)

Streams interact
via mean field

18



Polarization tensor for multi-stream system

gzz n? (o -kEkY + okt -kiota) - (@, -k)?g"
2 &%+, (@, k)’

T (k) = IT™ () , @“"(k):)

f(p):Zﬁa U0?6(3)(P—maﬁa) m, = o« 1 Py
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Application

Collective modes 1n the two-stream systems
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Dispersion equation

Equation of motion of chromodynamic field A* in momentum space

[kZg"™ —k"kY =TI" (k)]A, (k) =0

Dispersion equation

det[k*g" —k"k"Y —TI" (k)] =0 kK = (0,k)

k IT" (k) =0 @ el (k)=3" —éﬂij (k) chromodielectric tensor

i i | ij _9°
det[k*8" —k'k ! —w?e" (k)] =0 p—22

~ +pa

) ) 2 2 iy ] j i L2
el (,k) =81 1- P |- ZZ SRR/ SN C it 917
® €, +Da o-k-v, (0—k-V )




Two-stream system

e (w,k)=38" (1—

2
‘”p) _
(D2

g> nm? (v'k!+vlk' (0) —k*)v'v!
20° T+ P o—Kk-v (0—Kk-v)?
_v‘kj+vjk' (0> -k*)v'v!
o+k-v (0+k-v)°

)
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kKi1v

v =(0,0,v), k=(k.,0,0)

Dispersion equation

(0 -0 )(0® -0’ —kz)[coz—co2 —k?*=)\2 kz_wzj:O
p p p 2

®
table longitudinal
stable longitudina (Dz _ (02
mode p
> = % +k?
stable transverse
modes 1
02 = L0 =2 1K+ (03 -2 +K2) + 422K2)
2
unstable transverse, i
filamentation = (sz _ 92 4 K2 _X/((sz a2 4 k2)2 +4}L2k2)
mode 2
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v=1(0,0,v), k =(0,0,k)

Dispersion equation

> >
(0’ -0} —k*)?| 1- Po >+ Po > 1=0
(0—kV)" (o+kv)

op=0,(1-7%)/2

stable transverse 0)2 _ (D2 n kz
modes P
stable longitudinal
s W =oo§+k2v2+¢m§+4k2v2
mode +
unstable longitudinal 2

e : =mg+k2v2—Jm§+4k2v2
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Conclusions

Chromohydrodynamics is much simpler than the kinetic theory.

* koK

Chromohydrodynamics is dynamically nontrivial.

* ok Xk

Chromohydrodynamics provides alternative approach
to study nonequilibrium QGP.
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